Sixty-four children with pulmonary stenosis were studied by cardiac catheterization both at rest and on exercise. Whereas milder degrees of stenosis were associated with normal right ventricular function, more severe stenosis was associated with fixed stroke index and elevated RVEDP, and suboptimal response of cardiac index. These changes result from altered right ventricular compliance. In several the compliance abnormality was related to myocardial hypertrophy, whereas in four patients it was most likely caused by myocardial fibrosis. 
DULMONARY valvular stenosis is a progressive condition in some patients. Progression might be explained by growth of the child without a corresponding increase in the orifice of the stenotic pulmonary valve. Serial cardiac catheterization data, however, demonstrate an increase in pulmonary valve area congruent to increase in body size. ' We have studied 64 children with isolated pulmonary valvular stenosis both at rest and during exercise. These studies were useful in defining limitations of right ventricular function in children with severe stenosis. These limitations were related to altered compliance usually from myocardial hypertrophy, but in four the altered right ventricular filling was related to myocardial fibrosis.
Materials and Methods
Sixty-four children with isolated pulmonary valvular stenosis were studied. Thirty-six of these patients were between 4 and 10 years of age, and 28 patients were between 11 and 16 years of age. In each the clinical, electrocardiographic, and isolated pulmonary stenosis. Selective injection of contrast material into the right ventricle revealed the pulmonary valve to be the site of obstruction. Fixed infundibular stenosis was not considered present. In several patients, the infundibular area narrowed during systole but was normal in diastole. In no patient was infundibular stenosis found on pressure tracings. Other cardiac malformations were not present.
Each patient was studied in a resting, fasting state and in the supine position. Premedication consisted of morphine and phenobarbital. A Goodale-Lubin catheter was utilized to measure right-sided cardiac pressures, and a Teflon arterial cannula, inserted into the brachial artery, was used to measure systemic arterial pressure. These were connected to P23d Statham strain gauges, and the pressure recorded on an Electronics for Medicine DR-12 optical recorder. In each patient the resting cardiac output was measured utilizing the Fick principle. For a 6-min period the patient's expired air was collected in a Collins chain-driven tank and analyzed by the TissotSchonander method to determine the patient's rate of oxygen consumption. Midway through the collection, blood was withdrawn simultaneously from the brachial and pulmonary arteries for Van Slyke oxygen analysis. With continuous pressure recording, the venous catheter was then withdrawn from the pulmonary artery through the right ventricle to the right atrium. The right ventricular end-diastolic pressure (RVEDP) and right atrial pressures were recorded at a low attenuation. The patient was then exercised in the supine position utilizing a variable resistance bicycle ergometer at a work load designed to raise the heart rate to between 140 and 160 beats/min. The duration of exercise was from 10 to 15 minutes and hemodynamic parameters were measured after a steady state of exercise had been achieved for 4 min. The cardiac output was again measured as outlined previously. During the oxygen consumption the catheter was withdrawn from the pulmonary artery through the right-sided cardiac chambers, while pressures were recorded.
The recording was analyzed for heart rate and systolic and diastolic pressures. RVEDP was measured after the "a" wave. The pulmonary valve area was calculated utilizing a modification of Gorlin's formula. 4 The patients were divided into three groups on the basis of the indexed pulmonary valve area. We grouped the patients according to valve area rather than peak systolic gradient since the latter value varies with cardiac output, while the former considers cardiac output in its calculation.
In each patient the measured and derived data for rest and exercise were compared. For The relationship between oxygen consumption and cardiac index on exercise was normal in 60 patients ( fig. 1 ). In the remaining four patients, each with severe stenosis, the cardiac index was lower than anticipated for the amount of oxygen consumed.
The arteriovenous oxygen difference at rest was smaller in the patients of group I and significantly greater in both groups II and III (P < 0.05). No significant statistical difference of the arteriovenous oxygen difference during exercise was found, although it was larger in group III. Since the cardiac output was lower in this group, the widened A-V oxygen difference is more important.
The stroke index was largest in patients with milder stenosis (group I, 51 + 8 cc/beat/ m2), and the smallest in group III (46 + 6 cc/beat/im2) . The difference was significant Changes in stroke index (SI) and right end-diastolic pressure (RVEDP) on exe children of group I (PVA > 1.0 cm2/M2 sponses were normal.
Observing changes in stroke index affords another means of studying pump function.
e Area Normally, during supine exercise stroke index increases slightly and such a pattern was found in those patients with milder stenosis. The stroke index, however, did not show such changes in the groups with more severe stenosis. In these patients it remained constant on exercise, indicating a limitation of pump function. In fact, even at rest, patients with the greatest degrees of stenosis consistently showed a lower stroke index.
Measurement of RVEDP may be used as an On the other hand, there is evidence that the development of right ventricular myocardial fibrosis may be an important factor in the natural history of pulmonary stenosis.Y Supportive data is found in the studies indicating that adult patients following pulmonary valvotomy often are unable to increase their cardiac output on exercise.2 3 Further, the right ventricle of patients with severe pulmonary stenosis shows greater amounts of fibrosis than normal.
The difference between our children and the reports of adult patients with pulmonary stenosis yields some insight into the natural history of pulmonary stenosis. The chronic effect of elevated right ventricular afterload leads to alterations in the myocardium. With age, the myocardial factor eventually becomes the limiting factor in the disease.
If the myocardial factor is important in the natural history and is affecting the results of pulmonary valvotomy, then operation should precede the impairment of right ventricular function. Hemodynamic assessment of the pump function of the right ventricle should thus prove useful in the management of patients with pulmonary stenosis. Studies performed during exercise serve to more clearly define hemodynamic abnormalities than those done at rest alone.
In the present study relatively simple indicators of myocardial function were used to assess pump function but not the muscle function of the right ventricle. More detailed studies are needed to investigate the right ventricle. Because of its geometric shape, determination of right ventricular volume is difficult and can be done currently only by indicator-dilution methods. To our knowledge, studies of Vmax and other indicators of velocity of myocardial contractility have not been performed on the right ventricle, so experience with these parameters is not available.
While we await the development of the more sophisticated hemodynamic measurements to define the optimal time for operative intervention, it is our current practice to operate on children with pulmonary valve areas of less than 0.5 cm2/m2 and in the few among those with larger valve areas who demonstrate abnormal exercise hemodynamics.
